ver since the first sinus augmentation surgery was performed in the late 1970s, several similar techniques have been introduced to overcome deficient bone height in the posterior maxilla, 1,2 all of which demonstrated an increasing magnitude of success. 3, 4 Despite the reliability and predictability of these procedures, 5 sinus floor augmentation has not been particularly "complication-free." [6] [7] [8] For this reason, it is not surprising to find a general agreement favoring alternative approaches toward the management of bone deficiency in the posterior maxilla. 9, 10 The complication most commonly associated with sinus augmentation surgery is perforation of the Schneiderian membrane, with a reported rate of 7% to 56%. 11, 12 Synergistically, the total rate of complications tends to increase significantly as a result of membrane perforation. 13 These may include, but are not limited to, reduced bone formation, 14 increased marginal bone loss around implants, 15,16 graft failure, 17, 18 and sinus infection/sinusitis. 15, 19 In addition, implant survival rates after membrane perforation can drop to as low as 50%. 20 Proussaefs et al 14 reported an implant success rate of 69% when membrane perforation occurred during surgery, where 100% implant success was achieved in similar cases with no encountered perforation. It has also been reported that membrane periosteum may contribute to bone regeneration after maxillary sinus elevation procedures. 21 If the membrane exhibits tearing or traumatic separation from the periosteum, this may prevent the Schneiderian membrane cells from expressing alkaline phosphatase, bone morphogenetic protein-2, osteopontin, osteonectin, and osteocalcin, all of Purpose: To introduce a novel modality that enables the measurement of forces applied during a transalveolar sinus floor elevation (tSFE) and to investigate the influence of anatomical and surgical factors on the necessitated force in sinus membrane detachment.
Material and Methods: A new endosinus probe, innovated with a calibrated load cell, was used to test the forces needed to perforate ten maxillary sinuses in 5 human cadavers. The same probe was also used to detach the Schneiderian membrane from the bony floor of 21 human subjects undergoing tSFE.
Results: The force needed to cause membrane perforation in the cadaver sample was on average 3.46 6 1.04 N. The maximum force applied in vivo to a sinus membrane without perforation was 2.01 6 0.67 N on average. Regression analysis showed that smoking (P , 0.001), as well as 3.0 mm osteotomy (P , 0.001), was significantly correlated to increased forces during membrane detachment.
Conclusions: The maximum force needed to detach the membrane was found to be, on average, lower than the membrane breaking load in cadavers. Furthermore, because of smoking and a 3.0-mm osteotomy diameter demonstrating a high association with increased forces during membrane detachment, they may be considered as risk factors of membrane perforation. (Implant Dent 2018;27:630-637) Key Words: maxillary sinus, sinus floor augmentation, cadaver, humans, osteotomy, risk factors which are essential for extracellular matrix mineralization. 22 Hence, maintaining the integrity of the Schneiderian membrane and maintaining the intact periosteum during sinus elevation is critical to promoting osteogenesis 23 and reducing postoperative complications. 17, 24 In patients with 4 to 5 mm residual alveolar ridge height and adequate ridge width, transalveolar maxillary sinus floor elevation (tSFE), with simultaneous implant placement, is considered the treatment of choice, with minimized postoperative morbidity and reduced complication risk. 25 Ever since Summers introduced tSFE, 26 many variations have been proposed, and various technological advances have been adopted, in attempts to provide additional predictable techniques. 23, 27, 28 Because of the inherent limited visibility of such a confined procedure, intraoperative membrane perforation was found to be a rather common event.
Although the incidence of membrane perforation during transalveolar sinus lift reportedly ranged between 0% and 21.4% in a previous systematic review, 29 this may have been an underestimation because of the objective difficulty in clinically detecting membrane perforation. When using endoscopy in examining perforations, the rate of occurrence was reportedly 40%, all of which were, interestingly enough, clinically undetected by the operator. 30 The several causes of perforation include, but are not limited to, excessive osteotome percussion, membrane laceration as a result of instrument rotation (most commonly when the residual bone height is underestimated), membrane elevation beyond its tolerance limit, laceration by sharp bony particles, or sinus overfilling with biomaterial. 30, 31 During a tSFE procedure, the force exerted by the operator on the sinus membrane creates the physical space necessary for the introduction of biomaterials. This force can be divided into 2 distinct groups of forces: (1) detachment forces and (2) elevation forces. The role of detachment forces is to separate the membrane from the sinus floor. Meanwhile, elevation forces are secondarily applied after membrane separation from the bony wall of the sinus, lifting the membrane to the desired height.
A thorough comprehension of the detachment forces, along with the influence of anatomical and surgical predisposing factors of membrane perforation, is crucial to maintaining membrane integrity and preserving its primary functions. Therefore, this study aims to analyze the detachment forces that can be applied during an in vivo tSFE without tearing the sinus membrane while simultaneously investigating the potential influence of anatomical and surgical factors on this procedure.
MATERIALS AND METHODS

New Endosinus Probe Assembling
An endosinus probe (Omnia, Parma, Italy), specifically designed to effectively elevate the maxillary sinus membrane through the transalveolar approach, was modified with an incorporated single-point load cell (Robot Italy, Rome, Italy) (Fig. 1) . The load cell, 45 3 9.3 3 6 mm in dimension, recorded forces between 0 and 780 g. The new endosinus probe was manufactured with the load cell set between the probe handle and the millimeter probe tip (ø 2.4 mm), perpendicular to the latter. The nature of the instrument's design allows for the probe tip to be conveniently removed and sterilized. When in use, the probe registers the collected data via wires from the load cell connected to an interface and Wheatstone bridgebased sensor (Robot Italy, Rome, Italy). The software Python Launcher (version 2.7.11), with specific lines of code, was used to record the output tension (mV/V) from the load cell at a sampling rate of 8 milliseconds (Fig.  2) .
To derive the equivalent values in Newton, the load cell was accurately calibrated with standardized weights at the Department of Mechanical Engineering, Politecnico of Milan, Milan, Italy. Consequently, a calibration curve and a formula between the output tension in mV/V and the applied force (N) was obtained. Because of the inability of ensuring that the entire instrument surface would be in contact with the membrane during the application of forces, the functional head of the Example of a graph that shows the tension (in mV/V) applied during the membrane detachment procedure measured by the new endosinus probe. The peak of this curve represents the force needed to detach the membrane from the sinus floor (detachment force) during the tSFE. The real value of detachment force (mV/V) results from subtracting the background sound from the peak value. The correspondence value in Newton is obtained using the formula obtained after the calibration of the load cell that relates the tension (mV/V) with the force (N).
probe was assumed to be pointed during analysis.
Cadaver Measurements
Ten fresh human cadaver heads with fully or partially edentulous maxillary ridges, ranging in age between 45 and 72 years, were used in the testing the new endosinus probe. All cadaver specimens were preserved in a controlledd20°C environment, without fixation in formalin, until the time of operation. 32, 33 A single recording was obtained from each of the 5 cadaver heads' maxillary sinuses, summing up to a total of 10 recordings. Cone-beam computed tomography (CBCT) was performed before operating on each of the cadavers to ensure sinus integrity before surgery. After raising a full-thickness flap and exposing the vestibular wall of the maxillary sinus, an osteotomy (ø 3.5 mm) was performed by means of a straight high-speed handpiece (40,000 rpm) and a tungsten carbide bur (ø ISO 018). The osteotomy diameter was preselected to match the average osteotomy diameter prepared in vivo (ø 3 or 4 mm according to the implant treatment plan). When the bluish hue of the membrane gradually became more visible, the medium grain diamond bur (ø ISO 018) was used. Once the lateral cortical bone of the sinus was completely eroded, the new endosinus probe was placed perpendicular to the Schneiderian membrane avoiding any contact with the external bony wall, at which point, tension values were recorded up until membrane perforation occurred (Fig. 3) .
Perforation was defined as complete through-and-through laceration, allowing the probe penetration into the sinus. All the aforementioned procedures were completed by 1 surgeon (A.E.B.), who was also designated to perform the in vivo tSFE procedures.
Patient Recruitment
For the second part of this study, human subjects undergoing tSFE with simultaneous implant placement were recruited. The inclusion criteria comprised the following: (1) good patient health status (American Society of Anesthesiologists (ASA) I-II); (2) partially and fully edentulous upper posterior maxilla; (3) patients requesting implant rehabilitation; (4) adequate alveolar ridge height (,8 and .4 mm); (5) adequate residual alveolar ridge width ($6 mm); and (6) patent sinus ostium. However, the exclusion criteria consisted of: (1) compromised health status (ASA III-IV); (2) sinus ostium that is not patent; (3) sinus lift procedure disapproval by an ear, nose, throat (ENT) specialist; (4) alveolar ridge height ,4 mm; (5) pregnancy; and (6) patients aged younger than 18 years. Twenty-one subjects (mean age 57.7 6 7.6 years), missing 1 or more teeth in the posterior maxilla, were eventually recruited and treated. All the subjects had implants placed in the edentulous maxilla, simultaneously with the tSFE. In all the treated cases, the SinCrest (Meta, Reggio Emilia, Italy) device and surgical protocol was used to ensure an atraumatic sinus floor elevation and minimal injury to the membrane. 27 
Surgical Procedure
A single mid-crestal incision was made and extended intrasulcularly to the adjacent teeth. A minimally invasive vestibular flap was raised, 34 and the SinCrest (Meta) protocol was diligently followed thereafter. The osteotomy was initiated with the locator drill to a 3.5-mm working length. Based on the residual bone height obtained by preoperative CBCT, the probe drill (ø 1.2 mm; cutting edge only) was selected, advancing to a depth 1 mm short of the maxillary sinus floor using a calibrated stopper. Later, the guide drill and the SinCrest drill burs were used to enlarge the osteotomy to 3 mm, remaining 1 mm away from the sinus floor. In cases where the bone presented harder than usual, the SinCrest Drill HB bur with 3.2 mm diameter was additionally used. After this, the browncolored SinCrest device (ø 3 mm) was gradually screwed and rotated halfway counterclockwise to create a slight axial pressure, eventually fracturing the residual, thin sinus floor layer. The detailed protocol for using the SinCrest device was described in a previous study. 27 The strength of the residual sinus floor could be identified through the force generated by the plunger located on the tip of the SinCrest device. When the white portion of the plunger disappears, this confirms the fracture of the residual sinus floor layer and the resultant Schneiderian membrane exposure. Membrane integrity was investigated via (1) visual inspection under magnification, (2) Valsalva maneuver, and (3) physiological water rinse. The membrane was, then, detached from the sinus floor with the novel endosinus probe connected to a computer. During force measurement and recording, the probe was set at the same angle of the implant osteotomy. When the membrane was successfully detached from the bone in the axial Fig. 3 . Maxillary membrane breaking load measured on Cadavers using the new endosinus probe. After raising a full-thickness flap and exposing the vestibular wall of the maxillary sinus, an osteotomy (ø 3.5 mm) was performed until the bluish hue of the sinus membrane became more visible. Once the lateral cortical bone of the sinus was completely eroded, the new endosinus probe was placed perpendicular to the Schneiderian membrane avoiding any contact with the external bony wall. Then, the new endosinus probe was used to exert increasing forces to the membrane until its perforation. direction, with force recording completed, an angled L-shaped elevator was used circumferentially to achieve further membrane release before its elevation to the desired height. After filling the subantral space with deproteinized bovine bone mineral (Bio-Oss; Geistlich Pharma AG, Wohlhusen, Switzerland), the implant was placed (Fig. 4) .
All surgeries were performed by an experienced surgeon (A.E.B.) at his private practice in Milan, Italy, between September 2016 and April 2017. Each patient was provided with the detailed description of all procedures to be performed. Patients were also informed that their data will be used for statistical analysis, to which full informed consent was provided. No ethics committee approval was sought to start up this observational study, as it was not required by national law or by ordinance of the local inspective authority. This prospective study is performed in full accordance with the principles stated in the Declaration of Helsinki and the Good Clinical Practice Guidelines.
This human trial was performed in accordance with the recommendations of Strengthening the Reporting of the Observational studies in Epidemiology statement guidelines.
The part of the study which involved the cadaver specimens was conducted under the permission and supervision of the Department of Anatomy of the University of Brescia, Brescia, Italy.
Preoperative and Intraoperative Examination
Before surgery, a subject's CBCT, along with bilateral periapical radiographs, was examined. During the surgical procedure, periapical radiographs were taken (1) when the 1.2-mm diameter probe drill is halted by depth and stops 1 mm short of the sinus floor, and a 1.2-mm diameter aligning pin was inserted to radiographically verify the probe drill position, (2) when the SinCrest device fractured the final millimeter of cortical bone, exposing the sinus membrane, and (3) on surgery completion.
Statistical Analysis
The following homogenous categorical variables presenting in subjects undergoing surgery were analyzed: smoking, membrane morphology, and osteotomy diameter. For each, the minimum value, maximum value, 50th percentile, mean, and standard deviation were calculated. Similarly, the minimum and maximum value, 50th percentile, mean, and standard deviation were determined for the categorical heterogeneous variables (sex, sinusitis history, tooth position, type of edentulism, sinus morphology, sinus floor, and presence of septa). Subsequently, each variable was correlated to the detachment force, via the KruskalWallis test, to verify whether samples originated from the same distribution. However, mean age, edentulous period, membrane thickness, and residual bone height were the quantitative variables that were analyzed. Their correlation with the maximum (detachment) force was obtained through linear regression.
Moreover, from their mean values and percentiles, the membrane breaking loads in the cadavers were compared with the forces required to detach the membrane from the bone in vivo. The Shapiro Wilk test was performed to verify the normality of the 2 groups.
Statistical analyses were performed with Stata 14 (StataCorp. 2015, College Station, TX). A P value of ,0.05 was considered statistically significant.
RESULTS
Sinus Membrane Breaking Load and Detachment Forces
The force required for membrane perforation (or breaking load value) in the cadavers was, on average, 3.46 6 1.04 N (IC 95% 2.72-4.20 N) ( Table 1) . On the other hand, the maximum force applied in vivo to a sinus membrane without perforating (detachment force) demonstrated a mean value of 2.01 6 0.67 N (IC 95% 1.71-2.31 N). The maximum force applied in vivo to detach the sinus membrane was 3.34 N. All the detachment forces were For each maxillary sinus, the force needed to perforate the Schneiderian membrane in grams and in Newton is depicted.
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The Shapiro-Wilk test showed that the null hypothesis that the sampling values came from a normally distributed population cannot be rejected (P . 0.14). Both sample distributions, with their corresponding mean values, are reported in Figure 5 .
Correlation Between Anatomical and Surgical Factors and Detachment Forces
Increased detachment forces were observed in smokers compared with nonsmoking patients, demonstrating 2.57 6 0.38 and 1.66 6 0.52, respectively (P # 0.001). Polypoid or irregular membranes seemed to require greater detachment forces than flat membranes (2.07 6 0.74 and 1.92 6 0.59, respectively), however, this difference was not statistically significant (P . 0.05). tSFE performed with a 3.0-mm osteotomy was associated with increased detachment forces, as compared to a 4.0-mm osteotomy (2.65 6 0.35 and 1.53 6 0.34, respectively) (P # 0.001).
Detachment forces showed no correlations with sex, sinusitis history, tooth position, type of edentulism, sinus morphology, sinus floor, or presence of septa (P . 0.05).
The linear regression showed no significant correlation between age, Variables have been classified into categorical (smoking, history of sinusitis, tooth location, number of missing teeth, membrane type, sinus shape, sinus floor morphology, and antrostomy diameter) and quantitative variables (age, edentulous period, membrane thickness, and residual alveolar ridge height). For the categorical variables, the average value and the correlation with detachment force is shown. For each quantitative variable that required a regression analysis, average value, regression coefficient, confidence interval 95%, and the correlation with detachment force are depicted in the table.
edentulous period, membrane thickness, and residual bone height (P . 0.05). However, a general trend of greater detachment forces for each increased millimeter of membrane thickness was depicted. The average detachment force for each factor is summarized in Table 2 .
DISCUSSION tSFE is generally indicated where an initial residual bone height of at least 4 to 5 mm is present. 25, 35 However, because of the limited intra-oral visibility, elevating the sinus membrane without tearing is considered one of the most impactful challenges of this approach. Membrane integrity is believed to be a key factor of not only reduced postoperative complications but also healing and new bone formation. 17,22,24 The clinician's skills and tactile sensitivity is believed to play a major role in maintaining an intact membrane. 36, 37 Sinus membrane properties, particularly elongation, resistance to perforation, 33, 36 and maximum elevation during tSFE, 38 have been extensively investigated in the past. However, no studies have examined the correlation between the membrane and the necessary forces to achieve its atraumatic detachment from the bony floor yet.
The present study was designed to introduce an objective method of measuring the forces applied in membrane detachment during routine tSFE. The reliability of the new endosinus probe with the additional benefit of a load cell was successfully applied in the cadaver study sample and then just as effectively demonstrated on human subjects. In this study, we regarded cadaver and human sinus membrane flexibility/tension resistance similar. It has previously been reported that tissue fixation will lead to cell shrinkage, which may, in turn, decrease measurement precision because of changes in membrane flexibility. 32, 39 Thus, to overcome this limitation and enhance cadaver tissue reliability, fresh cooled cadavers without fixation were used in our study. Fresh human cadavers preserved by only freezing, and not embedded within formalin, can be considered reliable in simulating the natural behavior of the Schneiderian membrane. 30 In addition, Chan and Titze 40 highlighted that postmortem tissue changes do not affect the mechanical properties of tissue if preserved only by freezing. In fact, several authors have used cadaver maxillary sinuses to study membrane behavior during sinus augmentation, test new instruments, or even compare different techniques. 23, 30, 38, 41, 42 Another aim of this study was to assess the influence of anatomical and surgical factors on sinus membrane detachment. Based on the 21 treated subjects, it can be corroborated that smoking is strongly correlated with increased detachment force, as opposed to not smoking (2.57 6 0.38 and 1.66 6 0.52 N, respectively) (P , 0.001). In addition, it was shown that osteotomy diameter can also strongly impact detachment forces. More specifically, in cases with osteotomy diameter 3.0 and 4.0 mm, the required detachment forces were 2.65 6 0.35 and 1.53 6 0.34 N, respectively (P , 0.001). Because of the evident need for greater detachment forces, smoking and reduced osteotomy diameter should be considered potential risk factors for membrane perforation. In accordance with our findings, several previous studies correlated smoking with an increased perforation rate. 43, 44 The clinician is therefore advised to use wider implants (in turn, preparing a wider diameter osteotomy), wherever possible, when other risk factors such as altered membrane thickness 45 or a smoking habit are identified before sinus surgery.
Whether membrane thickness is a risk factor for perforation remains a controversy. 45, 46 A recent systematic review failed to find a correlation between Schneiderian membrane thickness and increased risk of perforation 47 ; our findings are consistent with this statement. Similarly, residual bone height did not impact the detachment forces and, therefore, cannot be considered a risk factor for perforation, as demonstrated by Chan et al. 38 It has been suggested that the level of inflammation can dictate the orientation and, in turn, the strength of the membrane fibers' attachment to the underlying bone. 37 Although not statistically significant, our study confirmed that patients with a history of sinusitis necessitated lower detachment forces compared with healthy patients.
Pommer et al 33 were the first to analyze the sinus membrane's mechanical resistance to perforation. The authors found that membrane perforation occurred at a mean tension of 7.3 N/ mm 2 , where it can tolerate stretching to 132.6% in one-dimensional elongation and 124.7% in two-dimensional elongation before tearing. Also, thicker membranes showed higher values of breaking load. 33 However, in that investigation, measurements were performed on membranes previously detached from bone, which was considered a critical limitation to their study.
Wen et al 45 introduced a classification for the risk of membrane perforation during tSFE, primarily focusing on membrane thickness as a risk factor for perforation. On the other hand, the results of the present study suggest a new classification based on the forces applied on the membrane. If the sinus membrane is elevated within a certain range of preset forces (,2.72 N; the lower end of the average breaking loads 95% confidence interval in cadavers), the incidence of sinus perforation may be overcome and/ or diminished. Instead, forces applied on the membrane exceeding 2.72 N can be considered at a higher risk of perforation.
In accordance with the study by Borgonovo et al, 27 the perforation rate in the formerly described SinCrest technique was found to be 0%. However, it should be considered that microperforations in treated subjects may have occurred, and these are best verified by endoscopy. 30, 31 Finally, a clear limitation of our risk classification is that it must be coupled with the new endosinus probe to be deemed viable.
Previous knowledge of the magnitude of forces required for membrane detachment, the sinus membrane's force threshold, as well as the anatomical and surgical risk factors for perforation may enhance a clinician's ability to maintain an intact Schneiderian membrane during routine tSFE.
CONCLUSIONS
Within the limitation of this study, the following conclusions can be drawn: (1) The membrane breaking TAVELLI ET AL IMPLANT DENTISTRY / VOLUME 27, NUMBER 6 2018loads in cadavers were found to be higher than the maximum forces needed to detach the Schneiderian membrane from the bony floor in vivo and (2) a smoking habit and/or 3.0-mm osteotomy diameter were shown to be highly associated with increased force required for membrane detachment and may therefore be considered risk factors for perforation. New studies with a broader study sample are needed to confirm these results and further validate these findings.
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